A B S T R A C T Exposure to supralethal total body irradiation and transplantation of bone marrow from a DLA-and pedigree-identical donor have regularly produced successful engraftment and the establishment of stable long-term chimerism in beagles of the Cooperstown colony. Bone marrow allografts performed in pairs of dogs bearing identical DLA haplotypes derived from different pedigree origins (i.e., different classes of the same haplotype) yielded two different results. Depending upon the particular haplotype pedigree combination lused, such transplants either led to long-term chimerisnm or to failures of engraftmenit, secondary disease, anid death of the recipients (i.e., pedigree-incompatible combinations).
INTRODUCTION
The selectively bred lines of' beagles miainitainied at The Mary Imogene Bassett Hospital in Cooperstowni, N. Y., have provided an animal resouirce in which the transplantation of' bonie marrow from genotypically DLA-idenitical donors into irradiated littermate and(or) nonlittermate dogs bearing DLA haplotypes derived from the same pedigree origins can regularly produce long-term stable chimerism, with no evidence of a graftversus-host response at any time after transplantation (1) (2) (3) (4) (5) . Challenge of'the recipients with kidney (1), heart (6), lung (7) , liver (8, 9) , pancreas (8, 9) , or skin (3) allografts obtained from the donor of marrow within [3] [4] [5] [6] mo after irradiation and marrow reconstitution has demonstrated, in addition, that such chimeras are unresponsive to other allogeneic tissues obtained from that particular donor. The individual specificity of this state of tolerance was shown by the ability of the chimeras to reject skinl grafts from other DLA-identical and(or) DLA-incompatible sources at a rate siimilar to that docuimented in uintreated dogs (3) .
It is the purpose of this report to present a series of studies aimed at providing ftirther insight into the role of genetically determined histocompatibility factors in affecting the outcome of transplantation in the canine species. A continuing series of bone marrow allografts in the Cooperstown colony between DLA-identical donor-recipienit coml)inations bearing the same pedigree origins is used as the basic reference standard. The data are compared with the ouitcome of bone marrow allografts in pairs of animals which bear the same DLA haplotypes, but where such haplotypes were inherited from different pedigree sources. In the latter instaniee, some pedigree combinations have produced long-term stable chimerisnm, while certain other pairings have resulted regularly in failures of engraftnment or secondary disease, and death of the recipients.
The results of this study also demonstrate that the state of allogeneic unresponsiveniess produced by irradiation and bone marrow transplantation canl be lbroadened to inelude not only tissues obtainied from the donor of marrow, but also allografts from another donor, provided that (a) transplantation of an organ from that other donor is perfornmed within a short period (20-24 h ) after irradiation, and (b) the organ allograft is obtained from a donor bearing the same DLA haplotypes, derived froimi the sam-ie pedigree origins as the recipient. 12 of 14 renal allografts performed unlder suich conditions ecurrenitly survive with normal fuinetion for 113-949 days. In contrast, kidney transplants obtained from donors l)earing DLA haplotypes which typed alike, but were derived from different pedigree origins, were rejected uniformlyx within 25-150 days.
The long-term renal allograft recipienits prodtuced in this fashion were also uinresponsive to skin allografts obtained from the donor of marrow and from the kidlney donor. In contrast, skin grafts from other sources, inclutd(inig donors bearing the same DLA haplotypes, derived from the saime pedigree origins as the recipienit, were rejected at a rate similar to that observed in uniitreated anlilimals (3) .
MIETHODS
Selectiotn of dotnors antd recipients. The animnals uised throughout this study were adult male and female beagles of the Cooperstown colonv wveighing 17-27 lb. Donors aind recipients were selected for transplanitation oni the basis of precise genotypic and pedigree data on the origin.s of each of their DLA haplotypes. In earlier sttudies of the iniheritaince of DLA anitigen(s) in the Cooperstown colony (10), the gaimetic uinit which tranismits infformation for the DLA comiiplex vwas dlefinled as a haplotv-pe. Each haplotvpe is believed to carry infi)rmation for at least two and probal)yl three serologically detectable (SD)' loci, ancd onie LD locus, althouigh there is still l Abbrev ia tions ulsed in this paper: GVH, graft-verstus-lhost; LD, lymphocyte suirf'ace detectable; MLC, mixed leuikocvte culture; SD, serologically detectable. some ambiguity as to the precise number of genetic loci (SD or LD) which exist within the system (11) .
The method of preparation of antisera and techniques for serological typing by the lymphocytotoxicity technique have been described in earlier reports (12, 13 With the antisera currently in use in the Cooperstowvn colony, somiie haplotypes (represented symbolically in Table I as E, *, _, and V) appear to carry more than two SD specificities; one haplotype (A) carries three defined specificities, and so far, the haplotype represented as " " is detected by only one antigen. The superabundance of apparent antigenis on some haplotypes (e.g., 0, which appears to transmit no less than five SD antigenis) may be due to cross-reactivity or to the lack of ability to distiiiguish between public specificities which are comimiiloIn to several alleles and private specificities which have a very restricted distribution (10) . Similarly, the dletectioii of only oiie product of the "l " haplotvpe may be a conse(quience of the lack of c.ompleteness of the repertoire of available anltisera.
The assignmiient of haplotypes to individual members of the Cooperstown colony was made possible through family studies (10 Allogen1eic U_Trespon5iveness in Adult Dogsthe 23 recognized haplotypes. These 23 identifiable haplotypes fall into the six patterns represented symbolically as m, *, -, V, I, and A, so that in certain instances, many haplotypes may have been assigned to the same phenotype on the basis of serology. From pedigree analysis, a unique assignment could then be given to each haplotype within a group, by adding a digit to the symbol (A5, for example, indicates the fifth entry of this particular haplotype into the colony from one of the original founder animals). Because the animals came from the same (beagle) category, some degree of consanguinity may also be assumed in the ancestors. The exact number of unique haplotypes within a given group is therefore unknown. The minimum number of distinctive haplotypes is 6, however, and the maximum is 23, while the bone marrow transplantation studies outlined in this report indicate a value which lies between these extremes. Table II illustrates the current interpretation ofthe serologic and pedigree analysis of the DLA haplotypes observed in the colony, and lists the correspondence of the detected DLA antigens with the new nomenclature adopted at the 2nd International Symposium on Canine Immunogenetics (11) .
Method of irradiation and bone marrow transplantation. The method of supralethal total body irradiation has been described previously (3) . Briefly, each recipient was exposed to 1,200-1,400 R of continuous irradiation from two opposing 60Co sources, at a source-to-target distance of 2-2.5 m, with an exposure rate of 3-4 R/min. 12-18 h later, bone marrow was obtained from the prospectively selected donor and transplanted into the recipient by a modification of the standard technique, consisting of the intravenous infusion of a suspension of 3-3.5 x 109 nucleated bone marrow cells obtained by needle aspiration of the long bones and sternum of the donor (3) . Leukocyte and platelet counts were performed three times weekly for the first 21 days and at weekly intervals thereafter. The return of leukocyte and platelet levels to normal values and the absence of any evidence of graft-versus-host (GVH) disease were interpreted as evidence of successful engraftment and proliferation ofthe transplant (3). Persistence of chimerism was confirmed at regular intervals by the continuing presence of donor erythrocyte group antigens in the recipient and by the appearance of the sex characteristics of donor cells in the recipient's peripheral leukocytes.
Method of kidney and skin transplantation and criteria for the assessment of allograft survival. A renal allograft obtained from another donor was transplanted into each recipient within 8-12 hr after infusion of bone marrow. Two different categories of renal allograft donors were used. The first consisted of DLA-identical donors bearing DLA haplotypes derived from the same pedigree origins as the recipient and the corresponding donor of marrow. The second group consisted ofkidneys obtained from a DLA-identical donor bearing DLA haplotypes derived from pedigree origins which differed from the origins of the DLA haplotypes present in the recipient and the donor of marrow. The method of kidney transplantation into the iliac fossa of the recipients and criteria for the diagnosis of allograft rejection have been described in DLA-A2,B5/"nul" Offspring of 1, 202 bkhfm/gl
The symbols refer to the six different DLA haplotypes detected in the Cooperstown beagles.
The numbers opposite to these haplotypes in the last column of this detail previously (19) . All recipients underwenit removal of their own kidneys within 29-54 (lays after renal transplantation. Renal function tests were performed at periodic intervals in all recipients. Each surviving recipient wvas tested with skin allografts at 6 or more months after kidney transplantation. Skin grafts were obtainied from four different souirces, including: (a) the donor of marrow; (b) the kidney donor; (c) another donor bearing DLA-and pedigree origin-identical DLA haplotypes; and (d) a DLA-incompatible donor. The technique of skin grafting has been described previously (3) . Briefly, it consists of the transplantation of full-thickniess 2 x 2-cm segments of skin (3), using the pannictulus carnosus layer as the graft bed in the recipient. All transplants are performed in duplicate and are examined daily after the 7th postoperative day, using standard criteria for the diagnosis of allograft rejection (3).
RESULTS
Background data; bone marrow transplantation in DLA-identical donorrecipient pairs bearing DLA haplotypes derived from the same pedigree origins Table I outlines the DLA genotypes of the original 17 members of the Cooperstown colony. The symbols which appear in the last column refer to the different DLA haplotypes detected in this colony. The number opposite each haplotype refers to the specific individual source of each haplotype and corresponds to the original canine member of the Cooperstown colony from which it was derived (i.e., numbers are used to denote the specific pedigree or ancestral origin of each DLA haplotype in the dogs under study). The immtunological specificity of the state(s) of allogeneic uinresponisiveness produced unider the conditions of this study was assessed by challenge of the host with skin allografts obtained from four different souirces, includinig the donor of l)one marrow anld the kidney donor, aniother DLA-identical dog sharinig the same DLA haplotype pedigree origins as the recipienit and the donors of mnarrow and of kidney, and a DLAincompatible donor. As noted in Table VII , skini allografts obtained fronm the corresponidinig dconor of miiarrow currently sturvive in nine irecipienits foi over 2200 days, while skin grafts froml the kidney dlonor cutrrentlv survive in simlilar f'ashioni for 206-236 days in these recipienits. In contrast, skiin grafts fromii a thirdl (lonior bearing pedigree-ideintical DLA haplotypes were rejectedl by eight of nine recipienits within 13.5-41 daxys; one graft survived for 84 dlays and one for 132 (lays. (3, 4, 10) . The studies of Storb and associates (20, 21) and of Vriesendorp et al. (22) have provided additional evidence for the activity of such non-DLA histocompatibility complex(es) in canine transplantation. The present study has applied data on the immunogenetics of DLA histocompatibility within the restricted genetic pool of the selectively bred lines of the Cooperstown colony (10) to a systematic program of biological testing of the role of non-DLA histocompatibility determinants in transplantation. The individual pedigree origin of each DLA haplotype available for testing within this colony has been used as a marker for the assessment of the allogeneic activity of non-DLA products under conditions of donor-recipient identity for products of the DLA complex. As noted in earlier reports (1) (2) (3) (4) (5) , bone marrow allografts performed in DLA-identical dogs bearing DLA haplotypes derived from the same pedigree sources have regularly resulted in stable long-term chimerism with no GVH complications. The results observed in dogs bearing the same DLA haplotypes (i.e., haplotypes which type alike but are derived from different pedigree sources) depended upon the particular pedigree origins of the DLA haplotypes involved. Certain donor-recipient combinations (A3, A7, or A*O; 02 or E4) produced uniform success of engraftment and stable chimerism; in contrast, others (Al or A8 to A3, A7, or A10; E2 or *4 to *5) resulted in failures of engraftment, secondary disease, and death of the recipients. When the pedigree origins of the DLA haplotypes in question were traced to their original sources in the Cooperstown colony (Table I) , there was no record of a common ancestry between the original dogs bearing compatible histocompatibility pedigrees (dogs C11, 11-93, and 12-09 for DLA haplotypes A3, A7, and A10; and dogs Cll and 12-06 for 02 and *4). The original dogs bearing incompatible pedigrees were also not known to be related. Taken together with the results of biological testing, these data are consistent with the possibility that the non-DLA histocompatibility products under consideration may be distributed in group fashion in the canine population.
The present study points to the existence in dogs of The results of kidney transplantation presented in this report have provided an additional opportunity to assess the role of non-DLA determinants in the induction of allogeneic unresponsiveness. In earlier studies of the induction of allogeneic unresponsiveness by supralethal total body irradiation and bone marrow transplantation, recipients were allotted a recovery period of 43-120 days after reconstitution with bone marrow, before challenge with a test kidney allograft obtained from the donor of marrow (2) . The resulting state of immunological tolerance extended to all donor tissues, including kidney, skin, heart, lung, liver, and pancreas (5), but was limited to tissues obtained from the donor of marrow (3) (4) (5) . Such individual-specificity, taken together with the hazards of GVH disease in non-DLAidentical donor-recipient combinations, appeared to constitute a serious obstacle to further progress in the application of irradiation and bone marrow transplantation techniques to the production of allogeneic unresponsiveness in large mammalian species. The possibility that the phase immediately after supralethal total body irradiation might constitute a useful period for the induction of allogeneic unresponsiveness (22) has, however, suggested an alternative approach to this question. In this context, irradiated dogs were reconstituted with bone marrow in the usual manner; instead of waiting for 1 or 2 mo, however, each dog received a renal allograft from a second DLA-and pedigree-identical donor within 8-12 h after marrow transplantation. Such recipients were rendered tolerant to tissues (skin allografts) from the bone marrow donor, as well as to kidney and skin allografts obtained from the other donor. The recipients retained the ability, however, to reject skin allografts obtained from other DLA-and pedigree-identical donors, pointing to the specificity of the induced state oftolerance and to the host's immunological competence. Under the conditions of this experiment, allogeneic unresponsiveness to tissues from "third party" donors was induced in the recipients only if the donors were DLA-identical, bearing DLA haplotypes derived from the same pedigree origins as the recipient and the donor of marrow. Organs obtained from DLA-identical but pedigree-different donors were uniformly rejected by the recipients. This result suggests that the same broad spectrum of non-DLA histocompatibility determinants operative in affecting the outcome of bone marrow transplantation may also play an] important role in conditioning the induction of unresponsiveness to solid tissue allografts in the canine population.
The mechanisms implicated in the production of allogeneic unresponsiveness by irradiation and bone marrow transplantation remain uncertain. The observation that the state of allogeneic unresponsiveness observed in long-term radiation chimeras may be due to an active inhibition of the clonal proliferation required to produce antigen-reactive lymphocytes (5) , and recent reports of the ability of suppressor T cells to produce allogeneic unresponsiveness in other species (28) (29) (30) (31) point, however, to the possibility that the states of allogeneic unresponsiveness associated with irradiation and marrow transplantation may be related to the active production of populations of suppressor cells in the tolerant host.
Taken together, the data suggest that further progress in the understanding of genetically controlled histocompatibility variables other than the currently known products of the main histocompatibility complex is an important prerequisite for renewed advances in transplantation. Supralethal total body irradiation and bone marrow transplantation have provided a useful in vivo test system for the analysis of non-DLA alloantigens in the canine species. Further progress in this area would appear to await the development of new in vitro techniques for the detection and charactcrization of non-main histocompatibility complex determinants in various mammalian species, including man.
